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Abstract: Antibody molecules, and antibody fragments in particular, have enormous 
potential in the development of biosensors for marine monitoring. Conventional immobilisation 
approaches used in immunoassays typically yield unstable and mostly incorrectly oriented 
antibodies, however, resulting in reduced detection sensitivities for already low concentration 
analytes. The 2H12 anti-domoic acid scFv antibody fragment was engineered with 
cysteine-containing linkers of two different lengths, distal to the antigen binding pocket, for 
covalent and correctly oriented immobilisation of the scFvs on functionalised solid supports. 
The Escherichia co/z-produced, cysteine-engineered scFvs dimerised in solution and 
demonstrated similar efficiencies of covalent immobilisation on maleimide-activated plates 
and minimal non-covalent attachment. The covalently attached scFvs exhibited negligible 
leaching from the support under acidic conditions that removed almost 50% of the adsorbed 
wildtype fragment, and IC50S for domoic acid of 270 and 297 ng/mL compared with 
1126 and 1482 ng/mL, respectively, for their non-covalently adsorbed counterparts. The 
expression and immobilisation approach will facilitate the development of stable, reusable 
biosensors with increased stability and detection sensitivity for marine neurotoxins. 

Keywords: domoic acid; scFv antibody fragment; covalent immobilisation; protein 
engineering; cysteine 
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1. Introduction 

Of the 5000 phytoplankton species known to date, approximately 300 can give rise to algal blooms 
and 40 species, which produce marine toxins, harmful algal blooms (HABs). In Europe, the estimated 
loss to the tourism and shellfish industries from algal blooms is estimated to be in the region of 
€900 million [1,2] while algal toxins, including amino acids, alkaloids and polyketides, are thought to 
be responsible for approximately 60,000 intoxications of humans worldwide each year [3]. 

Domoic acid (DA) is a water-soluble amino acid and the principal cause of amnesic shellfish 
poisoning (ASP) in humans. It is produced by diatoms of the genus Pseudo-nitzschia and accumulates 
mainly in the digestive glands of filter-feeding shellfish and fin fish such as anchovies and sardines that 
feed on the phytoplankton that produce the toxin (reviewed in [4]). Unlike marine toxins such as okadaic 
acid and azaspiracid that cause diarrheic shellfish poisoning and azaspiracid shellfish poisoning, 
respectively, and are associated only with gastrointestinal symptoms, ingestion of foods contaminated 
with DA can lead also to neurological complications [5,6]. Typical gastrointestinal symptoms of DA 
ingestion include nausea, cramps, vomiting and diarrhea, while in the case of neurological involvement, 
headaches, dizziness, ataxia and loss of memory can appear from a few hours to a few days after 
ingestion. In extreme instances, death can result [7]. 

In order to protect consumers and reduce the economic costs associated with algal toxins, regulatory 
authorities in the EU, USA and elsewhere have established relevant permitted levels [8]; in the case of 
DA, this is 20 mg DA/kg shellfish, though discussions are ongoing to lower this to 4.5 mg DA/kg 
shellfish [9,10]. The main platforms used to detect DA in shellfish samples are bioassays and 
biochemical or chemical approaches [11,12]. In the former group, the commonly used mouse toxicity 
assay raises obvious ethical concerns and is expensive, not sufficiently sensitive to meet regulatory 
needs [11] and subject to false positives and negatives [13]. A variety of quantitative chemical assays 
based on chromatographic techniques and mass spectrometry have been widely used for DA detection 
and measurement in laboratory environments (reviewed in [11]). The low limits of detection (down to 
pg/mL or ppb) and inter-assay reproducibility of such approaches is counterbalanced by the fact that 
they are time-consuming, relatively expensive and specialised to carry out, and not well suited to 
sample analysis in high-throughput or in situ settings. Antibody-based tests such as enzyme-linked 
immunosorbent assays (ELISA/EIA) offer a fast, simple-to-use, easily automated and inexpensive 
platform to detect and quantify DA in environmental samples with sensitivities that meet regulatory 
guidelines [12,14]. Immunobiosensors in particular provide immobilised antibodies (or, increasingly, 
inexpensively produced recombinant antibody fragments) that are suited to rapid marine monitoring 
in situ, including toxin tracking applications [15,16]. 

Effective immobilisation of the antibody moiety is critical in the development of robust 
immunosensing devices to detect low concentrate analytes. The antibody should be stably attached to the 
support to avoid leaching and facilitate sensor re-use, unmodified by the immobilisation strategy, form a 
monolayer on the sensor surface to avoid blocking of ligand-binding sites by other antibodies, and be 
correctly oriented to maximise accessibility of analyte -binding pockets [17]. We have previously 
reported the isolation and characterisation of a single-chain Fv (scFv) antibody fragment specific for 
DA [18] and its immobilisation on mesoporous silicate supports for use in DA detection [19,20]. In this 
study, we describe the design and development of an approach to covalently attach and improve 
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orientation of the scFv on a functionalised solid support to improve the sensitivity and stability of DA 
detection. The strategy has broad potential application in biosensing of marine toxins. 

2. Results and Discussion 

2.1. Cloning and Sequencing of Cysteine-Functionalised scFvs 

Homology-based prediction of the 2H12 scFv structure identified the scFv C-terminus as the most 
suitable location for placement of the cysteine-containing peptide tag in order to achieve correctly 
oriented immobilisation of the scFv without affecting conformation of, or access to, its antigen binding 
pocket (Figure 1A). Two constructs with flexible cysteine-containing tags of differing linker lengths at 
the C-terminal end were designed and constructed to investigate potential effects of the linker on 
antibody fragment dimerisation and/or steric requirements for attachment to the solid support. The 
scFv-encoding genes, containing an N- terminal ompA leader peptide for secretion of the translated 
polypeptide to the Escherichia coli periplasm, an adjacent hexahistidine tag for detection and 
purification of the scFv and the relevant cysteine-containing tag at the 3 '-end, were generated and cloned 
into the pIG6 vector to express the proteins shown in Figure IB, followed by confirmation of construct 
sequences prior to carrying out protein expression. 

Figure 1. (A) Model of 2H12 scFv fragment. The V H domain is coloured in pink, the 
Vl in orange and the inter-domain (Gly4Ser)3 peptide linker connecting the Vh and 
Vl domains in green. Side-chains of Vh and Vl amino acids that form part of the 
complementarity-determining regions (CDRs) [21] are shown and the antigen binding 
pocket is arrowed. The Vl C-terminal lysine residue 276 to which the cysteine-containing 
linkers were attached is labelled. (B) Schematic of the scFvs expressed in the study. scFv: 
single-chain Fv fragment containing the 2H12 Vh and Vl domains; scFv-cys I: scFv 
containing additional cysteine residue in a 6-amino acid C-terminal peptide linker; scFv-cys 
II: scFv containing additional cysteine residue in an 8-amino acid C-terminal peptide linker; 
6His: hexahistidine tag; TEV: Tobacco Etch Virus (TEV) protease cleavage site; Vh and Vl: 
antibody fragment heavy and light chain variable regions, respectively; linker: (Gly4Ser)3 
polypeptide connecting Vh and Vl domains. The amino acid sequences of the engineered 
C-terminal linkers containing the additional cysteine residue (highlighted) are shown. 
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Figure 1. Cont. 

scFv ~~H~~fl 
scFv cys I 

scFvcysll -i-J-B 

2.2. ScFv Expression and Purification 

Optimisation of the previously described expression of the unmodified 2H12 scFv [19] using an 
autoinduction approach [22] revealed a 48-h expression period to yield the highest amounts of soluble 
2H12 scFv protein. 

Expression of the 2H12 scFv-cys I and -cys II constructs was initially carried out using both IPTG 
and autoinduction approaches. While increasing amounts of the two scFvs accumulated throughout a 
1-5 h IPTG induction period, greater than 95% of the protein molecules were found to be insoluble upon 
protein fractionation and immunoblot analysis, and no scFv was detectable upon purification (not shown). 
Under autoinducing conditions, a comparison of expression in E. coli TOP10 and E. coli BL21(DE3) 
strains revealed the highest soluble yields of both scFvs to be obtained after 24 h in E. coli TOP10 
(Figure 2). While approximately 50% of all wildtype 2H12 scFv polypeptides produced in the E. coli 
periplasm were found to occur in a soluble, and therefore potentially active form, both scFvs with the 
added cysteine linker exhibited a large majority of insoluble polypeptides under all conditions 
investigated (Figure 2). This is most likely due to the occurrence of cross-linked, disulfide-bonded 
aggregates of scFv polypeptides, mediated by the additional cysteine residues, which remains unbridged 
in the native protein monomers. Work in our group with a similar scFv-cys I and -cys II construct pair 
based on a different scFv identified a significant improvement in the proportion of soluble scFv protein 
upon co-expression of a panel of Hsp60 and Hsp70 molecular chaperones, leading to increases in 
volumetric yields that exceeded that of the wildtype scFv by up to 10-fold. This work, as well as 
numerous demonstrations of the successful co-overexpression of E. coli disulfide bond isomerase C 
(DsbC) [23-25] or the eukaryotic protein disulfide isomerase (PDI) [26,27] to greatly improve 
expression or folding of multiple-disulfide-containing proteins in E. coli (reviewed in [28]), provides 
obvious opportunities to increase the active yields of the cysteine-containing scFv formats of interest in 
this work also. Further modification of expression parameters might also be beneficial as other 
researchers have reported four-fold higher yields of a cysteine-functionalised scFv under biofermenter 
compared with shake flask conditions, while, surprisingly, the yield of the unmodified scFv remained 
unchanged in the same comparison [29] . 
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Figure 2. Comparison of expression of scFv variants in E. coli. Lanes 1,6: molecular weight 
markers; Lanes 2,3: soluble, insoluble 2H12 scFv produced under autoinduction conditions 
in E. coli BL21(DE3) for 48 h; Lanes 4,5: soluble, insoluble 2H12 scFv-cys I (autoinduction, 
24 h, E. coli TOP10); Lanes 7,8: soluble, insoluble 2H12 scFv-cys II (autoinduction, 24 h, 
E. coli TOP10). 
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ScFvs were purified using immobilised metal affinity chromatography (IMAC), followed by an 
additional ion exchange step to remove smaller sized, apparent degradation products that appeared 
during purification of the 2H12 scFv-cys I and -cys II variants. While no evidence was found of 
significant degradation after purification of the scFvs, purified proteins were nonetheless frozen 
immediately after elution and used as soon as possible thereafter. This also reduced the potential for 
dimerisation of the scFvs via their unpaired cysteine residues prior to immobilisation analysis on 
maleimide-activated plates. Final yields of purified scFvs, adjudged by SDS-PAGE to be greater than 
95% pure in all cases (Figure 3), were 3.15 mg/L, 294 ug/L and 337 ug/L for the unmodified, -cys I and 
-cys II scFvs, respectively. The approximately 10-fold lower soluble yields of the cys-containing 
mutants results from a combination of lower expression levels, degradation of the scFvs and the 
considerably greater proportion of the cysteine-containing proteins that is produced in the form of 
insoluble aggregates and is therefore inaccessible for purification. The accumulation of insoluble, 
aggregated scFv polypeptides, as well as their degradation, might be reduced by co-expression of 
molecular chaperones or folding catalysts as this approach has been demonstrated to improve the 
folding, and thus functional yield, of numerous poorly expressed heterologous proteins in E. coli 
(reviewed in [28]) — including the 2H12 scFv [19]. As expression of multiply-disulfide-linked 
proteins [30,31] and of recombinant proteins with cysteine residues close to the C-terminus [32] are 
known to be problematic in bacteria, it is not unexpected that manipulation of chaperones in vivo might 
be required to achieve expression levels of the functionalised scFvs more comparable with those 
attainable with the wildtype scFv. Co-expression of disulfide-modifying enzymes in particular might 
prove productive in optimising expression of the cysteine-functionalised scFvs. 
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Figure 3. Investigation of disulfide-mediated dimerisation of 2H12 scFvs. (A) Coomassie 
blue-stained SDS-PAGE and (B) Immunoblot analysis of disulfide reduced (lanes 2-4) and 
non-reduced (lanes 5-7) purified 2H12 scFv (lanes 2,5), 2H12 scFv-cys I (3,6) and 2H12 
scFv-cys II (4,7). Lane 1: Molecular weight marker. Samples in lanes 2,3,4 were loaded in 
reducing conditions; samples in lanes 5,6,7 were loaded in non-reducing conditions. Arrows 
indicate the monomeric scFv; asterisks indicate dimeric scFv molecules. 



1234 567 B 2 3 4 567 



70 kDa 
55 kDa 

35 kDa 
25 kDa 



15 kDa 

In order to investigate the accessibility of the added cysteine residues in the folded scFvs, the abilities 
of the three scFvs to form dimeric molecules were analysed. While no dimers of the wildtype scFv were 
detectable, significant and similar levels of dimerisation were observed with the scFv-cys I and 
scFv-cys II proteins under non disulfide-reducing conditions (Figure 3). This indicated that both 
cysteine-containing linkers supplied the added cysteine residue in an accessible location in the native 
scFv conformation, suitable for inter-molecular interactions to form scFv dimers or with compatible 
chemical moieties on a solid support for oriented immobilisation of the scFvs. 

2.3. ScFv Immobilisation and Domoic Acid Binding 

The ability to immobilise the scFvs on a solid support via their cysteine-containing linkers and retain 
their ability to bind domoic acid was confirmed by EIA. Purified scFvs were dialysed in sodium 
phosphate buffer (pH 7.2) containing 150 mM NaCl and 10 mM EDTA prior to incubation in 
maleimide-activated plates as maleimide groups react with free sulfhydryls at pH 6.5-7.5 to form stable 
thioether linkages but reaction with amines becomes significant at higher pH values. Antibody 
fragments bound to the activated surface were detected using an anti-hexahistidine-HRP antibody 
conjugate, while DA binding of the immobilised scFvs was measured using a domoic acid-HRP tracer. 
The results demonstrated immobilisation of the cysteine -tagged antibodies on the activated surface but 
little or no attachment of the untagged scFv (Figure 4A). Upon normalisation for immobilised protein 
concentration, as determined by detection of the scFv using the anti-hexahistidine antibody, the scFv-cys 
I construct containing the shorter linker exhibited slightly higher DA binding than the scFv with the 
extended peptide linker at all protein concentrations tested (Figure 4B), though this may be due to 
differences in purity or the levels of degradation of the respective scFv preparations. 
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Figure 4. (A) Immobilisation of scFvs on maleimide-activated plates and (B) Domoic acid 
binding activity of immobilised scFvs. The immobilisation and binding of wildtype 2H12 
scFv (black bars), 2H12 scFv-cys I (red) and 2H12 scFv-cys II (blue) is illustrated. Results 
shown are the average of triplicate samples and error bars represent the standard deviation. 
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The domoic acid detection ability of the covalently immobilised antibody fragments was compared 
with that of scFvs adsorbed non-covalently onto polystyrene plates. The IC50 for DA of the unmodified 
2H12 scFv in solution was previously reported as 245 ng/mL [18] whereas in this study, the 2H12 scFv, 
2H12 scFv-cys I and 2H12 scFv-cys II proteins adsorbed onto standard Maxisorp (Nunc) plates were 
calculated to have IC50S for DA of 540 ng/mL, 1126 ng/mL and 1482 ng/mL, respectively. The lower 
sensitivity of the unmodified 2H12 scFv in its immobilised state is unsurprising as many proteins, 
including antibodies, typically lose some of their activity when immobilised, due to a combination of 
denaturation of the protein and steric hindrance of the binding site by multi-layering of proteins. In the 
case of antibodies, this can manifest itself as a reduction from a typical Kd of the order of 
10~ 10 to 10~ 9 mol/L in solution to in the region of 10~ 7 to 10~ 5 when immobilised. The slightly higher 
IC50 values determined for the cysteine-functionalised scFvs may be due in part to the higher level of 
protein degradation consistently observed in these proteins (Figure 3A), though a slightly increased 
IC50 has been reported by others for a similarly cysteine-modified scFv fragment [33]. For the 
cysteine-functionalised scFvs immobilised on the maleimide activated plates, however, the calculated 
IC50S were 270 ng/mL and 297 ng/mL for the scFv-cys I and scFv-cys II protein variants, respectively. 
These represent 4.2-5 fold improvements over their respective IC50S upon non-covalent adsorption and 
1.8- to 2-fold improved over the adsorbed, unmodified scFv (Figure 5), indicating the impact of correct 
orientation on domoic acid binding and, potentially, detection sensitivity. Meanwhile the limit of 
quantification (LOQ), defined conservatively as the IC20 [34] was also determined for each scFv. In the 
case of non-covalently adsorbed scFvs, the LOQ was 80. 1 ng/mL, 205.7 ng/mL and 412.6 ng/mL DA for 
the wild-type, scFv-cys I and scFv-cys II constructs, respectively, while for the covalently immobilised 
scFv-cys I and scFv-cys II, LOQs of 28.0 and 41.4 ng/mL, respectively, were determined for DA. 
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Figure 5. Comparison of domoic acid binding of (A) adsorbed and (B) covalently attached, 
oriented 2H12 scFvs. (A) ■ wildtype scFv on polystyrene; • scFv-cys I on polystyrene; 
▲ scFv-cys II on polystyrene. (B) • scFv-cys I on maleimide-activated surface; ▲ scFv-cys 
II on maleimide-activated surface. 
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The stability of the immobilised scFvs was investigated under high salt and low pH conditions. 
Reductions in the domoic acid binding of non-covalently adsorbed scFvs were measured after a 1-h 
incubation at room temperature in phosphate buffer containing 1 M NaCl (DA binding reduced 
by 6.9%), or 100 mM acetate buffers of pH 5.0 (46.2%) or pH 3.6 (67%). While the high ionic strength 
used was expected to have a greater effect on protein desorption, the relatively minor effect of washing 
in high salt concentration may be due to the high concentration of salt (137 mM NaCl) present in the 
typical PBS-Tween wash buffer used to wash all plates prior to analysis. Adsorption of antibodies on a 
silica surface has been reported to be significantly reduced at ionic strengths of 100 and, particularly, 
150 mM [35]. Meanwhile, pH is known to affect both dynamic adsorption and the equilibrated amount 
of adsorbed protein [35], while antibodies are capable of forming alternate stable structures, corresponding 
to neither the native folded form nor the denatured polypeptide, at pH values below 3 [36] . The reduction 
in antigen binding signal at pH 3.6 might, therefore, be the result of a combination of scFv desorption 
and denaturation. 

The covalently attached cysteine-scFvs both exhibited greatly improved stability in the pH 5.0 acetate 
buffer, with reductions in DA binding of 6.4%, 4.1% and 54.5% for the scFv-cys I variant in 1 M NaCl, 
pH 5.0 and pH 3.6 buffers, respectively, and 4.8%, 3.5% and 46.4% for the scFv-cys II protein 
(Figure 6). While formation of the covalent disulfide bond between the scFv cysteine and the plate 
maleimide group is not favoured at low pH as the reaction equilibrium is shifted to favour the reduced, -SH 
form of cysteine, pre-formed disulfide linkages will be stable upon exposure to the low pH wash and so 
the desorption observed in the case of the unmodified fragment should not occur with the 
cysteine-functionalised scFvs. Therefore, the significant reduction in DA binding ability of the 
cysteine-modified scFvs in pH 3.6 buffer, which was comparable to that measured for the unmodified 
scFv, may be due to denaturation — and reduced antibody-antigen binding as low pH values, typically 
pH 2.5-3, effectively dissociates most antibody-antigen interactions and is a widely used approach to 
elute antibody-bound ligands in affinity chromatography. At pH 5.0, however, the stability of the 
cysteine-modified scFvs indicates the critical increase in stability of their covalent attachment to the 
plate walls. This stability of tethering of the antibody to the functionalised support has important 
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potential in avoiding multi-layering of non-covalently attached proteins that reduce accessibility of the 
binding pocket and so leads to reduced sensitivity, as well as increased costs in sensor production. It may 
also facilitate the development of regenerable sensors in which the use of acidic pH could be exploited to 
elute toxins prior to re-use, or supports could be regenerated for use with antibodies of different binding 
specificities by immobilising fragments via cleavable, aldrithiol-type cross-linkers. Recent demonstrations 
of the functionalisation of diatom frustules containing very high surface areas with unbound, 
surface-exposed cysteines in vivo [37,38] also opens up enormous potential to further improve the 
sensitivity of detection of toxins through increasing the density of immobilised antibody fragments in 
stable biosensors suitable for in vitro or in situ monitoring. 

Figure 6. Stability of domoic acid binding by immobilised scFv fragments. Immobilised 
scFvs (black: wildtype 2H12 scFv; red: scFv-cys I; blue: scFv-cys II) were washed for 1 h at 
room temperature with: (1) Normal wash buffer (PBS containing 0.05% (v/v) Tween 20, 
pH 7.4); (2) 100 mM phosphate buffer containing 1 M NaCl, pH 7.2; (3) 100 mM acetate 
buffer, pH 5.0; (4) 100 mM acetate buffer, pH 3.6. Upon completion of the domoic 
acid-binding assay, DA binding was expressed as a percentage of the binding measured after 
washing with normal washing buffer. The wildtype scFv was immobilised on Maxisorp 
plates, the cysteine-modified scFvs on maleimide-functionalised plates. 
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3. Experimental Section 

3.1. Materials, Strains and Plasmids 

All chemicals were obtained from Sigma-Aldrich unless otherwise specified. Maleimide-activated 
96-well plates, supplied pre-blocked with BSA, were from Pierce. E. coli TOP10 (F~ mcrA A(mrr~ 
hsdKMS' mcrBC) (p80/acZAM15 AlacX14 nupG recAl araD139 A(ara~leu)l '691 gaIE!5 galK16 
rp^L(Str R ) endAl )C; Invitrogen) was used for cloning and genetic manipulation. ScFv expression was 
carried out in E. coli TOP10 or E. coli strain BL21(DE3) (F~ ompT gal dcm Ion hsdSB^B~ niB ) A,(DE3 
[lacl ZacUV5-T7 gene 1 ind\ saml nin5]); Invitrogen) using the pIG6 expression vector, a kind gift from 
Prof. Andreas Pliickthun, University of Zurich, Switzerland. 
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3.2. Genetic Construction 

Cysteine-encoding linkers were added to the 3' end of the 2H12 scFv gene in the pIG6 vector [19] by 
incorporation into oligonucleotides for PCR amplification of the antibody fragment gene. Oligonucleotides 
used were 2H12_SGSCGG: ggtcaaffc^ca gccaccgcaagaaccact ccgttttatttc (Hindlll site for cloning in 
italics; added C-terminal SGSCGG underlined) and 2H12_SGGSECGG: ggtcaajgcfrtca gccaccgcatt 
cagacccaccgctccgttttatttc {Hindlll site in italics; added C-terminal SGGSECGG underlined). This 
generated scFvs in the expression format ompA leader- His6-TEV cleavage site-2H12 scFv-cys tag upon 
cloning into the pIG6 plasmid (Figure 1). Gene sequences were confirmed prior to expression of the 
scFv variants under the control of the plasmid-encoded lac promoter in E. coli. 

3.3. ScFv Modelling 

A homology-based prediction of the 2H12 scFv fragment structure was generated using 
the iterative threading assembly refinement (I-TASSER) server [39,40]. The co-ordinates of the top 
model were imported into Deep View Swiss-Pdb Viewer [41] for image analysis. CDRs were identified 
based on the Kabat numbering system [21]. 

3.4. ScFv Expression and Purification 

For autoinduction experiments, E. coli clones containing the relevant plasmid were grown at 37 °C in 
5 mL of LB media containing 100 ug/mL ampicillin until an OD600 of 0.9-1 was reached. After 
inoculation of the starter culture into 500 mL of ZYM-5052 autoinducing medium [22] containing 
100 ug/mL ampicillin, cultures were grown, with shaking, at 25 °C for 48 h (2H12 scFv) or 24 h (2H12 
scFv-cys I and 2H12 scFv-cys II). 

For preparation of periplasmic proteins, cells were harvested (8000 rpm, 15 min) and pellets washed 
with 500 mL of cold PBS and resuspended in 15 mL of ice-cold buffer containing 750 mM sucrose, 
100 mM Tris-HCl, pH 7.5. Following drop-wise addition of 30 mL of ice-cold 1 mM EDTA, the mixture 
was incubated at room temperature for 10 min. rLysozyme® (30 U) was added and the solution 
incubated for a further 30 min at room temperature, followed by 1 h on ice before the addition of 4.3 mL 
of 250 mM MgCL;. The viscosity of the reaction mixture was reduced by the addition of 50 ug/mL of 
DNasel for 15 min on ice and the solution was centrifuged at 12,000 rpm for 15 min. After dialysis of the 
supernatant against 5 L purification buffer (20 mM phosphate, 500 mM NaCl, pH 7.5) at 4 °C overnight, 
it was filtered through a 0.45-um filter prior to the addition of Tween 20 to 2% (v/v) and imidazole to 
10 mM. The sample was applied at a flow rate of 1 mL/min to a 1-mL Hitrap prepacked column 
(Amersham Biosciences, UK) that had been charged with Ni 2+ ions and pre-equilibrated with the same 
buffer. The column was washed with purification buffer containing 20, 40 and 60 mM imidazole to 
remove non-specifically adsorbed materials and proteins were eluted in 1-mL buffer fractions 
containing 500 mM imidazole. After buffer exchange using a desalting column (P 10, GE Healthcare), 
cysteine-tagged scFvs were immediately applied to a 1-mL Resource™ Q ion exchange column 
(GE Healthcare) in 20 mM ethanolamine (pH 9.5) for further purification and eluted in the same buffer 
containing increasing concentrations of NaCl. Purified proteins were dialysed against 2 L of PBS buffer, 
or 100 mM phosphate, 150 mM NaCl, 10 mM EDTA buffer (pH 7.2) in the case of proteins to be 
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immobilised on maleimide-activated plates. Purified proteins were analysed by SDS-PAGE, 
Coomassie staining and Western blot detection using an anti-polyhistidine horse radish peroxidase 
(HRP)-conjugated antibody [19]. 

3.5. Binding Studies 

3.5.1. Immobilisation of scFvs on Maleimide- Activated Plates 

Purified, dialysed scFvs (100 uL aliquots of 20, 10, 5, 1 or 0.5 ug/mL protein samples) were added to 
the wells of a maleimide-activated plate and incubated overnight at 4 °C with gentle shaking. After three 
washes with 200 uL buffer containing 100 mM phosphate, 150 mM NaCl, 0.05% (v/v) Tween 20 
(pH 7.2), wells were blocked with 200 uL of 10 ug/mL cysteine in the same buffer for 1 h at room 
temperature. Wells were washed three times, followed by the addition of 100 uL anti-polyhistidine 
HRP-conjugated antibody (1:3000 in PBS) or domoic acid-HRP tracer (1:20 in supplied tracer dilution 
buffer; Mercury Science) for 1 h at room temperature with gentle shaking. After three washes, 100 uL of 
3,3',5,5'-tetramethylbenzidine (TMB) solution was added to each well and reactions were stopped by the 
addition of 100 uL of 1 M H2SO4. Absorbances were read at 450 nm. 

3.5.2. Competitive EIA in Polystyrene Plates 

The wells of a 96-well microtitre plate (Nunc Maxisorp) were coated overnight at 4 °C with 50 uL of 
the relevant 2H12 scFv solution at 10 ug/mL in 100 mM carbonate-bicarbonate buffer (pH 9.6). After 
three washes with PBS containing 0.05% Tween 20, pH 7.4 (PBST), wells were blocked for 2 h at room 
temperature using 200 uL of 2% BSA in PBS. Following three washes with PBST, 50 uL of domoic acid 
solution at concentrations from 1 to 100,000 ng/mL in PBS was added to each well and plates were 
agitated gently for 1 h at room temperature. Domoic acid-HRP tracer (50 uL, 1:10 dilution in supplied 
tracer dilution buffer) was added to each well and plates were agitated gently at room temperature for 1 h 
prior to five washes with PBST. TMB (50 uL) was added to develop the reaction, which was stopped 
using 50 uL of 1 M H2SO4. Absorbances were read at 450 nm. OriginPro8 was used to fit the data 
according to the theory of competitive binding and to calculate the deduced IC50 values for the scFvs. 

3.5.3. Competitive EIA in Maleimide-Activated Plates 

The wells of a maleimide-activated plate were coated overnight at 4 °C with 100 uL of 2H12 
scFv-cys I or 2H12 scFv-cys II (15 ug/mL in binding buffer containing 100 mM phosphate, 150 mM 
NaCl, 10 mM EDTA, pH 7.2). After three washes with buffer containing 100 mM phosphate, 150 mM 
NaCl, 0.05% (v/v) Tween 20 (pH 7.2), wells were blocked using 10 ug/mL cysteine in the same binding 
buffer for 1 h at room temperature and washed three times as before. Domoic acid solutions (100 uL) 
ranging from 1 to 50,000 ng/mL were incubated for 1 h at room temperature with gentle shaking and 
50 uL of the reaction mixture was replaced in each well by 50 uL of domoic acid-HRP tracer solution. 
After incubation for 1 h at room temperature with shaking, wells were washed three times as before and 
100 uL TMB was added. Reactions were stopped by the addition of 100 uL of 1 M H 2 S0 4 and 
absorbances were read at 450 nm after transfer of the reaction solution to a non-activated microtitre 
plate. IC50 values were calculated for scFvs as described above. 
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3.6. Immobilisation Studies 

For maleimide-activated plates, the relevant cys-tagged 2H12 scFv (20 ug/mL in 100 mM phosphate, 
150 mM NaCl, 10 mM EDTA buffer, pH 7.2) was incubated in plate wells overnight at 4 °C with gentle 
shaking. This was followed by washing of wells for 1 h at room temperature with one of four wash 
regimes: "wash buffer" containing 100 mM phosphate, 150 mM NaCl, 0.05% (v/v) Tween 20 (pH 7.2); 
100 mM phosphate buffer containing 1 M NaCl (pH 7.2); 100 mM acetate buffer (pH 5); or 100 mM 
acetate buffer (pH 3.6). Wells were then blocked with 200 uL of 10 ug/mL cysteine for 1 h at room 
temperature followed by three washes in wash buffer and incubation with 100 uL of domoic acid-HRP 
tracer ( 1 :20 dilution) for 1 h at room temperature. After three further washes, the reaction was developed 
using 100 uL of TMB solution, stopped with 100 uL of 1 M H2SO4, and absorbances were read at 
450 nm after transfer of the reaction solution to a non-maleimide-activated microtitre plate. 

For non-covalent adsorption studies with the unmodified 2H12 scFv, the wells of a 96- well microtitre 
plate (Nunc Maxisorp) were coated overnight at 4 °C with gentle shaking with 50 uL of the purified scFv 
(10 ug/mL). Wells were washed for 1 h at room temperature with one of the four buffers outlined above 
and blocked with 200 uL of 10 ug/mL cysteine for 1 h at room temperature. After three washes in wash 
buffer, 50 uL domoic acid-HRP tracer (1:20 dilution) was added prior to incubation for 1 h at room 
temperature. Three washes were followed by the addition of 50 uL of TMB and stopping of the reaction 
using 50 uL of 1 M H2SO4. Absorbances were read at 450 nm. 

4. Conclusions 

The 2H12 anti-domoic acid scFv antibody fragment was engineered with cysteine-containing linkers 
of two different lengths, distal from the antigen binding pocket. The cysteine-modified scFvs exhibited 
similar efficiencies of covalent, oriented immobilisation on maleimide-activated plates and minimal 
non-covalent attachment. The covalently immobilised scFvs had IC50 values for domoic acid similar to 
the unmodified 2H12 in solution, overcoming the effects on antigen binding of uncontrolled orientation 
and protein- surface interactions in the case of adsorbed scFvs. The scFvs also demonstrated improved 
stability at acidic pH when covalently attached compared with absorbed molecules, with higher levels of 
domoic acid binding retained after incubation with acidic buffers. This antibody functionalisation and 
immobilisation approach will facilitate the development of stable, reusable biosensors for in vitro or 
in situ analysis of marine neurotoxins. 
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